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Control of Embryonic Spindle Positioning
and G Activity by C. elegans RIC-8
recent finding that Synembryn, the mammalian RIC-8
homolog, acts as a guanine exchange factor (GEF) for
G subunits [4]. Because C. elegans ric-8 has been
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ETH (Eidgeno¨ssische Technische Hochschule) shown to be required for early aspects of embryogenesis
[3], an alternative model in which G-GTP is the activeHoenggerberg
8093 Zu¨rich molecule promoting spindle positioning was proposed
[8, 9].Switzerland
In C. elegans, ric-8 reduction-of-function mutants
were shown to exhibit embryonic lethality and to be
required for mitotic spindle rocking and spindle orienta-Summary
tion [3]. The phenotype of ric-8 mutants was shown to
be greatly enhanced by a 50% reduction in maternalAsymmetric spindle positioning is of fundamental im-
goa-1 gene dosage [3]. This indicates that goa-1 andportance for generating cell diversity during develop-
ric-8 are likely to function in the same processes, butment. In the C. elegans 1 cell embryo, spindle position-
the phenotype of ric-8 mutants has not been directlying has been shown to depend on heterotrimeric G
compared to the phenotype of embryos depleted ofprotein signaling. Two Galpha subunits, GOA-1 and
GOA-1 and GPA-16 by RNA interference (RNAi, [18],GPA-16 (hereafter G), and receptor independent acti-
goa-1(RNAi);gpa-16(RNAi), hereafter referred to asvators of G protein signaling GPR-1 and GPR-2 (GPR-
G(RNAi)) and embryos depleted of GPR-1/2. To further1/2) are required for proper regulation of spindle posi-
explore the relationship between ric-8 and the G path-tioning [1]. However, it remains unclear whether G
way, we reexamined the ric-8 phenotype and focusedregulates spindle positioning in its GDP or GTP bound
on the early events in the 1 cell embryo. In ric-8(md1909)form. Here, we investigate the role of RIC-8 in this
mutant embryos, early events such as meiosis, pronu-pathway. RIC-8 was genetically shown to act in con-
clear migration, meeting, and centration are normal.cert with goa-1 to regulate centrosome movements in
However, nuclear rotation is delayed in 30% of the em-C. elegans [2, 3]. Interestingly, mammalian RIC-8 was
bryos (n  24), the mitotic spindle fails to rock as itrecently found to behave as a GEF for G subunits
elongates, and it is only weakly displaced to the poste-in vitro [4]. We show that reduction of function of ric-8
rior, resulting in a cleavage that is more symmetric thanresults in a 1 cell embryo phenotype very similar to
in the wild-type (see Table 1). In addition, spindle mor-the phenotype of embryos depleted of G. RIC-8 is
phology is symmetric with both anterior and posteriorable to directly bind to GOA-1, preferentially to GOA-
asters having a round morphology at late anaphase in1-GDP, consistent with a GEF role. RIC-8 is localized
contrast to wild-type embryos, in which the anteriorat the embryo cortex, and its activity is essential for
aster is round but the posterior one has a flat appearancethe asymmetric localization of GPR-1/2. We suggest
(Figure 1B and [3]). None of the ric-8 mutants is a nullthat RIC-8 directly modulates G activity and that
mutant, and depletion of RIC-8 by RNAi results in 30%G-GTP is the signaling molecule regulating spindle
embryonic lethality (see below and [3]). We thereforepositioning in the early embryo.
tested whether depletion of RIC-8 by RNAi in a ric-8
mutant would increase the observed phenotype. Lethal-
Results and Discussion ity increased from 30% in ric-8(md1909) to 72% in ric-
8(md1909);ric-8(RNAi). It also resulted in a significantly
During the first division of C. elegans embryos, the mi- more symmetric first cleavage (see Table 1). The per-
totic spindle is asymmetrically positioned along the an- centage of embryos with a more symmetric cleavage
terior-posterior axis (reviewed in [1]). This asymmetry is (cleavage furrow position at less than 54% egg length)
the result of differential pulling forces acting on the spin- increased from 31% in ric-8(md1909) to 72% in ric-
dle poles, with a stronger net force acting on the poste- 8(md1909);ric-8(RNAi) (Table 2). The 1 cell embryo phe-
rior pole [5]. The regulation of pulling forces is under notype of symmetric embryos is very similar to that of
the control of the partitioning-defective (PAR) proteins G(RNAi) and gpr-1/2(RNAi) embryos (Figures 1B and
[5]. G and GPR-1/2 are required for regulating spindle 1C; Table 1), suggesting that ric-8 functions in the het-
positioning downstream of the PAR proteins [6–9]. Like erotrimeric G protein pathway during spindle positioning
the mammalian AGS3 and Drosophila PINS [10–15], in the 1 cell embryo.
GPR-1/2 has been shown to be a GDP dissociation in- We therefore asked whether ric-8 genetically interacts
hibitor for GOA-1 [7–9]. Because loss of GPR-1/2 and with the two G subunits to position the spindle asym-
loss of G result in identical phenotypes, a model was metrically. It was previously shown that goa-1/;ric-8
proposed in which G-GDP, or a GPR-1/2-G-GDP mothers produce only inviable progeny [3]. We found
complex, is the active molecule in spindle positioning, that, compared to any single mutant, each mutant/RNAi
as has also been proposed in the Drosophila neuroblast combination of ric-8 and the G subunits goa-1 and
[7–9, 14, 16, 17]. This model was challenged by the gpa-16 results in a higher percentage of embryonic le-
thality (see Table 1). In addition, analysis of these em-
bryos by differential interference contrast (DIC) micros-*Correspondence: monica.gotta@bc.biol.ethz.ch
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Table 1. Spindle Length and Position of First Cleavage
Position of Percentage of
Spindle Lengtha First Cleavageb Embryonic Lethalityc
WT (n  27) 42.5  3.7 58.3  1.9 0
goa-1(RNAi) (n  13) 42.0  2.5 56.6  2.7 11
goa-1(n1134) (n  21) 41.2  1.8 57.5  2.4 16
gpa-16(RNAi) (n  14) 40.8  1.7 55.6  2.5 10
ric-8(md1909) (n  32) 39.7  2.6 54.6  2.2 30
ric-8(md1909);ric-8(RNAi) (n  25) 37.5  2.0 52.8  1.9 72
ric-8(md1909);goa-1(RNAi) (n  18) 37.0  3.6 52.3  2.4 91
goa-1(n1134);ric-8(RNAi) (n  18) 37.4  2.4 51.6  2.3 100
ric-8(md1909);gpa-16(RNAi) (n  25) 38.1  1.9 52.9  1.8 54
G(RNAi)d (n  10) 36.7  2.0 50.9  1.3 100
Both the spindle length and the position of first cleavage were calculated as percentage of egg length. n is the number of embryos analyzed.
a Spindle pole separation was calculated at anaphase (by dividing spindle length by embryo length).
b Anterior is 0%.
c For embryonic lethality, more than 100 progeny were counted in each case.
d G(RNAi) is goa-1(RNAi);gpa-16(RNAi).
The difference in the position of the first cleavage of ric-8(md1909) embryos compared to ric-8(md1909);ric-8(RNAi) embryos, ric-8(md1909);
gpa-16(RNAi), or ric-8(md1909);goa-1(RNAi) embryos is significant (p  0.0025, p  0.006, and p  0.001 respectively, t test).
copy revealed that the position of the first cleavage lease of GDP, and stabilize a G subunit nucleotide-
free transition state that is disrupted by GTP bindingin each mutant/RNAi combination is significantly more
symmetric than in any single mutant (see Table 1). [19]. We therefore tested whether RIC-8 was able to
interact with GOA-1 in the two-hybrid system andThese results suggest that RIC-8, GOA-1, and GPA-
16 function together or in parallel pathways to promote whether this interaction was specific for the GDP bound
form, as would be expected for a GEF. A full-lengthposterior spindle displacement in the 1 cell embryo.
To distinguish between these two possibilities, and RIC-8 bait was transformed with wild-type GOA-1 prey
and GTPase-deficient GOA-1 prey, which is locked inbecause mammalian RIC-8 has been shown to behave
as a GEF for G subunits [4], we decided to test whether the GTP bound form [20]. This analysis demonstrated
that RIC-8 is able to interact with GOA-1 and that it hasRIC-8 is able to bind to G. GEFs bind to the inactive,
GDP bound conformation of G proteins, stimulate re- a clear preference for wild-type GOA-1 when compared
Figure 1. The Phenotype of ric-8(md1909);
ric-8(RNAi) Embryos Is Similar to that of
G(RNAi) Embryos
(A) Wild-type embryo. The posterior aster is
disc shaped, and the first cleavage is asym-
metric, with the posterior cell smaller than the
anterior.
(B) ric-8(md1909);ric-8(RNAi). The posterior
aster is round, like the anterior one, and the
first cleavage is symmetric as in (C) G(RNAi)
embryos. The arrows mark the aster. Poste-
rior is right. The scale bar in (C) represents
10 m.
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It has recently been shown that LET-99, a DEP do-Table 2. Percentage of ric-8 Embryos with a Symmetric First
main-containing protein required for spindle positioningCleavage
in the early embryo [21, 22], functions antagonistically to
Percentage Egg Length 49–54% 54%
the G/GPR-1/2 signaling pathway [23]. let-99 mutants
ric-8(md1909) 31% 69% exhibit hyperactive nuclear and spindle movements
ric-8(md1909);ric-8(RNAi) 72% 28% (Figure 3; Movie 2). These phenotypes appear to be
produced by excess G activity because they are sup-
pressed in let-99;G(RNAi) embryos [23]. If RIC-8 is re-
to the GTPase-defective counterpart (Figure 2A). We quired for activation of G signaling, depletion of ric-8
then investigated whether RIC-8 can also bind GOA-1 in let-99(or204ts) should also suppress the nuclear and
in vitro and whether it preferentially binds GOA-1-GDP spindle hyperactive movement. Indeed, in let-99(or204-
as compared to GOA-1-GTP. Consistent with the two- ts);ric-8(RNAi) embryos, the nuclear and spindle rocking
hybrid results, RIC-8 preferentially bound to GOA-1- phenotypes are completely suppressed (Figure 3; Movie
GDP (Figure 2B). We could not detect binding of RIC-8 3), consistent with a model in which RIC-8 functions to
to GPA-16 by two-hybrid analysis (see the Supplemental activate G.
Experimental Procedures available with this article on- G and GPR-1/2 have been shown to modulate the
line), and we were unable to purify GPA-16 in native cortical pulling forces responsible for posterior spindle
conditions, preventing an equivalent analysis of the displacement. In G(RNAi) and gpr-1/2(RNAi) embryos,
binding of RIC-8 to GPA-16. the spindle pulling forces are reduced compared to
These results show that, like mammalian RIC-8, those in the wild-type [7, 8]. Our data suggested that
C. elegans RIC-8 preferentially binds to the GDP form RIC-8 plays a positive role in promoting spindle position-
of GOA-1. This is consistent with a role as a GEF. ing. We therefore investigated whether spindle pulling
forces are reduced in ric-8 mutants with two measures:
elongation of the mitotic spindle during anaphase B and
a spindle breakage assay performed with mcak(RNAi)
[5]. The length of the spindle at anaphase correlates
with the intensity of the pulling forces [8, 24, 25]. We
measured the length of the mitotic spindle at anaphase
and found that in ric-8 mutants and in all the different
mutant-RNAi combinations the spindle is significantly
shorter than in the wild-type (Table 1). In addition, deple-
tion of C. elegans MCAK by RNAi provokes spindle rup-
ture in wild-type embryos, whereas it was not sufficient
to provoke spindle rupture in ric-8(md1909) embryos
(Figures S1B and S1D), indicating that the pulling forces
are reduced in this mutant.
Taken together, the preferential binding of RIC-8 to
GOA-1-GDP and the reduction in pulling forces in ric-
8(md1909) suggest that RIC-8 participates in spindle
positioning by modulating the activity of G.
The cortical localization of GOA-1 and GPR-1/2 and
the posterior enrichment of GPR-1/2 suggested a model
in which asymmetric activation of G by GPR-1/2 would
result in an asymmetry of pulling forces, with stronger
forces at the posterior cortex, where GPR-1/2 levels are
highest [3, 6–8]. RIC-8 plays a positive role in spindle
positioning, and our data show that it binds to GOA-1.
To investigate whether the localization of RIC-8 is similar
to that of GOA-1, we raised antibodies against RIC-8
and we constructed a green fluorescent protein (GFP)
fusion expressing the full-length RIC-8 protein. We
found that the cellular localization of RIC-8 is very similar
to the localization of GOA-1, for example at the cortex
and on the asters of the mitotic spindle (Figure 4). In
addition, we find RIC-8 to be localized on the centralFigure 2. RIC-8 Preferentially Interacts with G-GDP
spindle, as GPR-1/2, at the nuclear envelope and around(A) The interaction of full-length RIC-8 with full-length wild-type
GOA-1 or full-length GOA-1(Q205L) is shown. RIC-8 interacts with the chromatin (Figure 4). With the exception of the stain-
wild-type GOA-1 but not with GOA-1(Q205L). -galactosidase activ- ing at the nuclear envelope and around the chromatin,
ity indicating interaction was measured on a colony lift filter assay. the RIC-8 staining is reduced in ric-8(md1909);ric-
(B) SDS-PAGE gel stained with Comassie blue. Lane 1 shows RIC-8, 8(RNAi) but not completely abolished, consistent with
lane 2 His-GOA-1-GDP binding to RIC-8, and lane 3 His-GOA-1-
a partial RNAi effect (Figure 4Ag). All staining patternsGTP binding to RIC-8. The protein complexes were isolated by a
are absent in a preadsorbed antibody preparation (Fig-His-GOA-1 pull-down assay with Talon resin (see Supplemental Ex-
perimental Procedures). ures 4Ah and 4Ai), confirming the specificity of our anti-
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Figure 3. Hyperactive Nuclear Movement of let-99 Mutant Embryos Is Suppressed in let-99(or204ts);ric-8(RNAi) Embryos
(A–D) DIC images of the wild-type.
(E–H) let-99(or204ts) and (I–L) let-99(or204ts);ric-8(RNAi) 1 cell embryos recorded by time-lapse videomicroscopy. Black arrows mark the
position of centrosomes. Note the lack of hyperactive nuclear movement in let-99(or204ts);ric-8(RNAi) embryos (see Movies 1–3). At least 15
embryos were analyzed in each case. Relative time points are indicated. Posterior is right. The scale bar in (L) represents 10 m.
bodies. Two additional lines of evidence suggest that proposed to be required for asymmetric activation of
G. One possible explanation is that a feedback loopthe nuclear envelope staining is specific. This localiza-
tion was also observed with a different antibody gener- could exist so that a weak initial asymmetry of GPR-1/2
would be reinforced by active G. A second hypothesisated by Miller and Rand [2], and GFP::RIC-8 embryos
show the same localization pattern (Figure 4Af). How- is that asymmetric modulation of GPR-1/2 activity would
promote spindle positioning and that the asymmetricever, because none of the other players of the hetero-
trimeric G protein pathway has been shown to localize localization of GPR-1/2 would be a consequence of pos-
terior spindle displacement.at the nuclear envelope and around the chromatin, the
significance of this localization and whether it plays any What could be the role of GPR-1/2 in this process?
Whereas mammalian RIC-8 is able to act as a GEF onlyrole in spindle positioning remains unclear. One possibil-
ity is that in the early embryo, RIC-8 has functions other on monomeric G subunits [4], mammalian AGS3 and
Drosophila PINS have been shown to bind G and leadthan spindle positioning that do not depend on this het-
erotrimeric G protein pathway. to the dissociation of G	 [14, 26]. C. elegans GPR-1/2
could therefore be required to bind G, dissociate G	,The cortical localization of GPR-1/2 depends on G
and lin-5 [7–9, 23]. We therefore investigated whether and make G accessible to RIC-8.
the cortical localization of RIC-8 also depends on any
of the other known components of the pathway. Deple-
tion of G, gpr-1/2, and lin-5 does not result in any Conclusions
Here, we have shown that RIC-8 plays an essential rolesignificant difference in the localization pattern of RIC-8
(Figures 4Aj and 4Ak; data not shown). These results in spindle positioning in the 1 cell C. elegans embryo.
Our phenotypic and binding data suggest that RIC-8suggest that the cortical localization of RIC-8 is either
intrinsic to the protein or depends on another protein controls spindle position by modulating the activity of
G and, therefore, modulating the pulling forces exertedthat has yet to be identified.
We and others have previously shown that asymmet- on the spindle. Our work and the recent finding that a
mutation in C. elegans rgs-7, a regulator of G proteinric localization of GPR-1/2 correlates with an asymmetry
in pulling forces [7, 8]. Because pulling forces appear signaling that stimulates GTP hydrolysis by G, results
in spindle positioning defects [27] support a model inweaker in ric-8(md1909), we investigated whether the
localization of GPR-1/2 was affected. Indeed, asymmet- which G-GTP is the active signaling molecule during
spindle positioning in C. elegans. PINS and a hetero-ric localization of GPR-1/2 is abolished in ric-8(md1909)
embryos [Figures 4Bm, 4Bo, and 4Bq; see Figure 4 legend trimeric G protein have been shown to play a role in the
asymmetric cell division of the Drosophila neuroblastfor a quantification of the localization in the wild-type
and ric-8(md1909)]. Moreover, the GPR-1/2 levels are and sensory organ precursor (SOP) cells [14, 28, 29].
However, although all the molecular players, includinglow on both the anterior and posterior cortices, consis-
tent with the observed weaker pulling forces. This result RIC-8, are conserved, it is still unclear which molecule
is responsible for giving the signal [14, 16, 17, 30]. Futuresuggests that active G is required for the asymmetry
of GPR-1/2. However, asymmetry of GPR-1/2 has been genetic, biochemical, and in vivo studies should help to
Regulation of Spindle Position by RIC-8 and G
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Figure 4. RIC-8 and GPR-1/2 Localization
(A) RIC-8 localization in wild-type and mutant
embryos. (a–e) and (j) show wild-type em-
bryos stained with anti-RIC-8 antibodies. (f)
shows a GFP::RIC-8 4 cell embryo. (g) shows
a ric-8(md1909);ric-8(RNAi) embryo. (h and i)
show wild-type 2 cell embryos stained with
a preadsorbed antibody preparation. (a)
shows a 1 cell embryo in meiosis. (b) shows
a 1 cell embryo in metaphase and (c) a 1
cell embryo in anaphase. (d) shows a 2 cell
embryo. (e and f) show 4 cell embryos. Stain-
ing is observed at the cortex, on the asters,
at the nuclear envelope, and around the chro-
matin. The staining is reduced in ric-8(md1909);
ric-8(RNAi) embryos (g) and abolished in em-
bryos stained with the preabsorbed antibody
(h and I). (k) shows a G(RNAi) 2 cell embryo;
RIC-8 staining is not altered. In each case
more than 20 embryos were analyzed.
(B) GPR-1/2 asymmetry depends on ric-8. (l,
n, and p) show wild-type embryos. (m, o, and
q) show ric-8(md1909) embryos. (l and m)
show anaphase, (n and o) telophase, and (p
and q) 2 cell embryos. Posterior enrichment
of GPR-1/2 (in red) is lost in ric-8(md1909)
embryos, consistent with reduced pulling
forces in this mutant. We measured the pos-
terior to anterior relative intensity of GPR-1/2
staining in wild-type and ric-8(md1909) mu-
tants, 1 cell embryos from metaphase to telo-
phase, and 2 cell embryos. 1 cell embryos:
wild-type 1.46 0.4 (n 21), ric-8(md1909)
0.91  0.20 (n  18, t test p  0.000008). 2
cell embryos: wild-type  1.37  0.23 (n 
17), ric-8(md1909) 0.92  0.20 (n  11, t test
p 0.00003). DNA is stained with DAPI (blue).
Posterior is right. The scale bar in (q) repre-
sents 10 m.
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